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CHARACTERIZING AND IMPROVING PASSIVE. ACTIVE SHUFFLERS
FOR ASSAYS OF 208-LITER WASTE DRUMS*

P. M. Rinard, E. L. Adms, H. 0. Menlove, and J. K, Sprinkle, Jr.
Los Alamos Na[ionai Laboratory, Los Alarnos, New Mexico, USA

Alww

A passive arrd active neutron shuffler for 208-L waste
drums has been used to perform over 1500 active and SW
passive measurements on uranittm and p!utonium samples
in 28 different marnces. The shuffler is now better charac-
terized and improvemems have been implemented or sug-
gested,

An improved correction for the effects of the matrix
material was devised from flux-monitor responses. The
most important cause of inaccuracies in assays is a local-
ized instead of a uniform disuibution of fissile material in a
drum; a technique for deducing the distribution from the
assay data and then applying a cmection is suggested and
will be developed further.

A technique is given to detect excessive arnoun!s of
moderator that could make hundreds of grams of 23~U
assay as zero grams.

Sensitivities (minimum detectable masses) for 235U
with active assays and for 240P~ff with passive assays ar~
presented and the effects of moderators and absorbers on
sensitivities noted.

Pmsive and active neutron (PAN) shufflers at Los
Alamos began by assaying cans of mixed-oxide fuels \l/ ill
1974 and 208.L waste drums /2/ in 1982, Over 1504 active
assays and 500 passive assays have recently been com-
pleted on 208-L drums with 28 matrices [o characterize and
improve the PAN shuffler assays of such dmms,

The active neutron interrogation is used to assay uw
nium. Passive neutron counting gives more precise and
accurate assays of plutonium than active intemogation,
unless other emitters of neutrons (such as 2“Cm) are pre-
sent. A combination of passive and active assays is needed
when both uranium and plutonium are. in a drum,

Four results of the present study are discussed in this
paper. (a) The inaccuracies caused by localized distnbw
[ions of fissile materials were quantified for a wide variety
of matrices; a correction technique for this localization
problem was explored (b) The use of flux monitor detec-
tors in correcting the marnx effects on neutron transport
was improved. (c) A monitoring scheme was shown to
detect a hydrogen density so high that an assay result would
be severely inaccurate (possibly zero) even though the tme
muss might be hundreds of grams of 23SU localized neat
the center of a drum. (d) Sensitivities (minimum detectable
masses) with the various matrtces were determined; tech.
niaues to reduce k~ckground rates for Improved sensitw(.
tics were either npplicd here or will be built into future
shuffkm,

*This work-was supported partially by the U, S, Department
of Energy Offlce of SafegumIa and Security nnd parwally
by the U.S. Depamnent of Energy Offlce of Arms Control
and Nonproliferation, Intern&tional Safeguards D(vidon,

Other aspects of [his study and many more details on
the topics in this paper are given in another report /3/.

The chmactrxistics of the 28 matrices used in the study
are ptesented in Table 1. A range of moderating and absorb-
ing abilities is included, plus a few matrices with combina-
tions of moderating and absorbing propernes. Many matri-
ces are quite homogeneous, others are semi-homogeneous
mixtures of large pieces, and others are deliberately inho-
mogeneous.

The matrices were well characterized except for two
that would be difficult to reproduce with certainty. Peat
moss was used to simulate earth, but the moisture content is
not easy to control, The simulated junk was simply a
loosely packed collection of common items that cannot be
specified accurately,

The drums had 2.54-cm diam tubes running from top to
bottom at distances of 12, 20, and 25 cm from the centraf
axes of the drums. A capsule of uranium or plutonium was
$aced in these tubes at vertical heights of 8, 24,40, 56, and

‘ cm from the bottom. These radial and verncal coordi.
vates am at the centroids of 15 equsd+wlutne regions within
a drum. The drums were rotated continuously during mea.
surements,

The uranium was 94,5% enriched and had 4,67 g of
235U distributed uniformly on alumina pellets in an alu.
minum cylinder 2.S4 cm in diameter and 10 cm long. The
plutonium sample was a 29.745-g cylinder of plutonium
mctrsl with 93,81% z~%% and 5,81% zdf%t (1.75 g of
2~Puef( for passive coincidence counting); its multiplica-
tion was I, 10,

Two IHe tubes monitor the flux of neutrons escaping a
drum being irradiated by the 2S2Cf source during an active
assay, A wrap of cadmium screens one tube from thermal
neutrons while the other tube is bare; the ratio of their
counts thus provides information on the moderating and
ab$orbing properties of the matrix. These tubes are located
almost one-quarter of the way around the assay chamber
from the 2$2Cf source, so thq respond primarily to intwro-
~aring neutrons scattered from* drum’s matrix,

The ttverage of the 15 count rates measured throughout
each rmtix was used to study this correction process, This
simulates a homogeneous distrihut{on and separates the
flux monitor comection from the fl!sile material localiza-
tion problem,

Without any flttx monitor correction, the relative stun.
dard deviation of count mtcs from 28 matrices was 80%
Cor?’ect{ons have often been made by dlv{dh’tg by the mtlo



TABLE 1. Ch,lrac[enstlcs of the Mamces
Weight Density (g/cm3)

Matrix (kg) Hydro gen Boron

-
1 Empty
2, Iron Chunks

3. Verrniculile
4. Vermiculite in Line@
5. Paper
6. Simulated Junkb
7, Polyethylene Shavings
8. Concrete Blocksc
9. tron and Potycthylene Chunks

10. Vermiculite and 29.5 kg of Polyethylene Beads
11, Polyethylene Tubes
12. Vermiculite and 59 kg of Polyethylene Beads
13. Vermiculite and 68 kg of Polyethylene Beads
14. Peat Mossd
15, Polyethylene Chunks
16. Polyethylene Beads

17, Raschig Ringse
18. VermicuL.,e and 0.3 kg of Borax
19, Vermiculite and 0,6 kg of Bcrax
20. Vermiculite and 0.9 kg of Borax
21, Vermiculite and 1.2 kg of Borax
22, Vermiculite and 1.8 kg of Borax

0.0
0.0

34.0
34.9
~1,3

38.6
11.8

?,18.4
37.2
49.0
42.6
78.5
87.5
50.8
91.2

120,2

142.0
34.3
34.6
34.9
35.2
35s8

23. Alumina with 2;% Water (by wcight)f 237.7
24, $mn&litc, 68 kg of Palyerhylcne Beads, 0.21 kg 88.1

25. ~:~iite, 68 kg of Polyethylene Beads, 0,42 kg 88.5

26, ~mnirmilite, ?7 kg of Polyethylene Beads, 0,22 kg 61.7

27. Marnx 2&, top; Vermiculite, bottomg 48.5

28, Vcmliculite, top; Matrix 26, bottomh 50.6

0.0
0.0

0.0008
0.00082

unknown
.... . . . .

0.00857
0.013
0.0135
0.0212
0.0310
00423
0.0488
... .. . . .

0.0663
0,0863

0.0
0.000!13
0sXM387
o.fx)091
0,00095
0,00103

0,0
0.0

M
0.0
0,0
0.0
O.G
0,0
0,0
0.0
0.0
0.0
0.0
0.0
0.0

Xmol?
o.fw172
0.00034:
0.0005 1!
0.000681
0,00103

0.0376 0.0
0.0490 oaf_x)12(

0,0490 0.00024(

0.0272 (-)J30013:

0,025 01XX)13:
0,025 (M)O013:

.— —.
* ~ls IIW WSS5.4 kgOff’@dc,
b I%is meuw hadwrq gIovaI, sfwmmwn,andiron (tooselypcked),

c The hydmgcn dCNIIy is calculaecdi. MI ● gcncrk ckmentalcompositionof concrete.
d w moiamraCOIIIMIof peu mm wu poodycontroIkd ard wasProb6bly different when wat in h

two mstrumcnte.
e The compwkm of Oieae puskuler fings is pomly known, h II frremnrcd Out thsy arc sunply IrotUed

glase, LMt h reIPC4SE m utiva inmrro@on Imiicatesthepre4cnMof wmc rncdcramralso.
f ~~~ .Wu~rCOIMMI IIUIUUUIIIy high. [n muurn w h k uwwlfy below 10% (by weight) end k ability

w mrxkmla nauirca is grer!y reduced,
g w drum’s tXXICM hglf was flllsd wiih vwmiculitc and then the q half w~ filled siih mstdx 26.

of the cadmium-wrapped and bare detectors l?; this pmce- a~
dure reduces the relative mrtdard deviation to 53%,

A search for a-more effective function of the flux moni-
tor rutio led to the function RN), where p(lt) is a first-order
polynomial with two parameters determined from all 28
matrices, Corrected count rates obtalrted b: dividing RflR)
into the mcamireuf count rates !md a relstive standard dcvia.
lion of 29%,

A facility can select mm’ices fmm Table 1 th~t best
match its waste (or make new rncawremcnts on its own
waste) to develop a more $pec~aliztd P(R) for USCcm dnsms
whew matrices arc pod y ktto wn.

If the fksile matcrid is Ioca!ized in only a portion of a
drum’s vohsmc, the assay result will generally depend on
the Icwat{on, An the fhile material becomes more uni-
formly spnwf throughout a drum, this posi[irm effect dis-
appears,

Calibration Is often done with drums of homogeneous
contents, but the actual distribution of flssile materrwl
within a drum IS generally unknown, Ratios of isvemgc
responses to minimum and maximum responses ure [hen
die multipliers of ws may resull that give the pmw]blc
range of the ouc mass, As the pos{t!on et’feel worsens, these



ratios depart farther from unity, and the accuracy of tin
assay result is poorer,

The shuffler currently makes no position correction. but
data taken as pan of [his study point m a possible technique
/3/. Assays were done in four stages; during each stage the
drum was stationary but rotated 90 degrees from the previ-
ous stage. Ratios of counts in opposing detector banks, in
combination with the flux monitor responses, are used to
estimate the distribution. The average delay ed-neumon
count rate from four stationary drum orientations was found
to be the \ame as the count rare with a continuously rotating
drum, regardless of the initial orientation angle of the drum.
This topic will be pursued further, although its accuracy
with the smallest waste quantities may bc poor.

The position effects measured with the small uranium
and plutonium samples in the various marnces will now be
described for active and passive assays. These effects are
with very localized sources, the most difficult assay situa-
tion.

Active assays were made with both the uranium and
plutonium samples. The results given here are based on the
assays of uranium for which active assays are most gener-
ally applied.

~. Figure 1 shows the ratio of aver-
age responses to extreme responses plotted against the
hydrogen density for moderating matrices (and the empty
and iron-filled drums).

With no moderator in a drum, the shuffler’s responses
are nearly independent of the position of the sample and the
average-to-minimum and average-to-maximum ratios are
both nearly equal to unity. “t’his shows tha[ there is no bias
caused by the shuffler’s design,

The hydrogen in a matrix generates responses that can
often differ from the average response by a factor of two.
The energy spectrum of interrogating neutrons changes
with depth of penetration, making the fission rate depen-
dent on the position of the fissile material, The moderator
also hinders the transport of delayed neutrons to the detec-
tors.

A drum’s assay result (after calibration for uniform fis.
sile dismbutions) can be multiplied by the rnverage-t~mmi.
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mum ratio to calculate the largest possible true fissllc nlilss
(from a point disrnbution), Figure 1 shows that this ratio is
as large as 2,5 for matrix number 13 with 6% kg of
polyethylene beads. The hydrogen density in tnarrix 13 is
87 kg of water; s~ch a hig!~ hydrogen density is unlikely to
bc encountered in p::ctice.

If a drum’s contents are known to be homogeneous, no
such multiplier of the assay value should be applied. But
the tlux monitors lose sensitivity to hydrogen densities
above about 0.042 g/crn3, so it is recommended that the
contents of a drum exceeding this limit be repackaged
before assaying. I%is should be a rare event, because this
hydrogen density requires 58.8 kg of polyethylene or
75.6 kg of wate~ it is unlikely that waste drums will have
this much hydrogen.

~. Veticuiite with different concen-
trations of borax (matrices 18 through 22 in Table 1) pro-
duced no position effect. The energies of the interrogation
neutrons and the delayed neutrons are too high for signifi-
cant capture in boron and vermiculite does not have enohgh
hydrogen to thermalizc a significant fraction of the mJ-
trons, A chum with this type of matrix is little different
from an empty drum,

. An absorber
becomes effective when mixed wiOr a moderator rhat low-
ers the energies of the neutrons, Matrices 23 through 28 are
of this type,

A modera[or.absorber combination can produce iargc
average.to-mininnsm ratios because count rates from the
drum’s intenor can bc greatly Ieduccd.

The boron density of O,OtlOl33 g/cm3 has a large effect
in combination with the hydrogen density of 0.0272 g/cm3
(marnx 26), Not enough matrices with different combina-
tions of moderator and absorber were studied to defi~:e
acceptable limits for the concentrations,

Only passive assays based on real coincidence counting
will be dwussed here because they have more applications
in actual facilities than assstyswith (otnl rwurron counting,

MdrMiuJkf@tM3.meratios Of avew tu ex~mc
passive count rates in Fig. 2 are from a localized plutonium
sample moved throughout the drums, There are no intcmo-
~atmn neutrons io this case, but the matrix affects the
trssnsport of fission ncutrorts from within a drum Into a
dcwctor, The fission uctttrons have higher average energies
than delayed neutrons, so the transport to the detectors is
somewhat different than during active assays,

The position effect is smaller than with the active
ttssays for hydrogen densities below about ().04 gkm~;
beyond that density the position effect is generally much
worse, The average to-minimum ratios become vcv large
with the larger amounts of moderator because neutrons arc
Icss I{kely to escape ftmm near the drum’s center,

The uverage.to.maximum ratios aw less affected
because the maximum responses arc from plutonium posi-
Iilms near a drum’s surface and cwtsldc most of the matrix,

It is isuain recommended that the contents of it drum
with ssn unusually high hydrogen dct~siiy beyontf
() 042 g/cm~ bc repackaged to lower the density before the
assay,
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Fig. 1. The PLIsios of Fig. 1 are shown here for passiw responses (real
coincidencecounting)Jrom localized waste quuwilies (lens of mil-
ligrams) of phuoiuum. The sh@ler’s avera,qe-(o-nummum ranos are
large or the masrices of vermkcufitewilh 68 kg o~palyethylene beads,

/Ihe Q kg of Polyethylene chunks, oad Ihe 120 kg of polyeihylent beads.

~. Absorbers have no effect on pas-
sive coincidence counting. A neutron that is nearly [hermal-
ized (and thus has a good possibility of being captured) will
not contribute to the real coincidence count ram because it
caurtot be detected within the electronic time gate with
other neutrons tYom the same fission. Therefore, it does not
matter if this neutron is absorbed or not,

, A moderator
increases the capture rate in [he absorber, but any impact on
a passive coincidence assay is caused by the moderator
alone, The ubsorber still has no effect for the reasons just
discussed,

An upper limit of 0.042 g/crnj for hydrogen in a drum
has been suggested stbovc for both the active and pas$ive
nssays, As the hydrogen density grows beyond this limit,
inaccuracies in assay results increase, With a hydrogen
density approaching 0,1 g/cm3, ;hc fissilc material is
shielded to the point where the assay result is zero even
though hundreds of grams of 2~5U may be localized near
the center of a drum.

The flux moriitors used to correct for transport effects
of the matrix arc inadequate to detect excessive amounts of
moderator because their count rates saturate al the limit of
0.042 ~cm~ of hydrogen,

The detector bank across the assay chwwbcr from the
252Cf source that norrrmfly counts delayed or prompt fis-
sion neutrons is able to also count neutrons transmitted
through dmms while the 2~2Cf irradiates the dsums, This
bank’s count rate did not saturate even with no drum pre-
sent, A dmm with an excessive amount of moderator gave
about half the transmission count rate of an acceptable
drum, so the prescoce of such moderation is rcttdily
detected,

The shuffler can inform an opcramr of the excessive
amount of moderator so that the drum’s ctmtcnt.$ can be
repackaged. The facility may wish to investigate how and
why !O much moderator got into Ihe drum in the first place,

SmLMLks

Sensitivity here means the smallest fissils mass that
produces a signal three times greater than its precision; its
precision is the standard deviation of a Iargc set of repeat
assays on the same drum.

The shuffler sensitivities given below are for drums
with uniform disrnbutions of the fissilc material. Sensiliwly
is the same function of position discussed as assay
responses if the fissile material is localized.

The background ra[e is an important limiting factor on
sensitivity, Cosmic-ray interactions in the shuffler’s body
are the source of coincident neutrons; the background rate
is weaker at lower elevations. A :mall fraction of the ncu-
rrons from the 252Cf source leak through the shielding ma
increase the total background rate. Intense neutron sources
at a facility have the potentiaf of adding to the total bitck-
ground if they arc near the shuffler, but the shuffler’s thick
walls of shielding and facility controls can eliminate this
potential problcm, The total neutron background affects the
accidental coincidence rate and thus a passive assay’s scn-
sitivi~, ~though :his is a minor effect compared to the COS-

mic-ray background.
New hardwue and software techniques are discussed

below to reduce the background ratss and thus improve the
sensitivities.

Table 11 shows the sensitivities
U in grams of that isotope. These

arc computed for a 1000-s assay consisting Jf is 270-s
background count prcccding 730 s of active interrogation
and delayed-neutron counting. The background count mtc
used in the calculations consists of 2 counts/s from cosmic-
ray interactions (at 170 m above $ca ICVCUand 12 counts/s
from a 500-~g 2S2Cf interrogation sourvc.

Neutrons km the 25~f dominate the background, so
the sensitivity would be improved by better isolation of the
252Cf fmm the assay chamber, [f the total background rate

were 4 counts/s instead of 14 counts/s, the sensitivities
would be approximately half those shown here. Improved
shielding materials have become availaele since this shuf-
fler was built and are being studied for possible use in
future shufflers,

rwo-thirds of the senskivitics am under 0.25 g of 23~U
and about half are under 0. I g of 235U, .Wrsitivity ii?tprovcs
as the hydrogen density incrcase$ until 0,025 g/cm~ is
reached: :he fission rate is enhanced by the moderated
cncrqics of the intcrmga!ion neutrons, but interrogation ad
delayed neutrons are able to still pass through the matrices
without e~cessive capture rates, Even at the highest h dm-

{gen densities, Ihe sensitivities arc well under 0, I g of 2 ~U.
Tiw sensitivities to plutonium for active assays are

much worse than with uranium because the yield of dcluycd
neutrons per fission in plutonium {S about a third of that in
uranium, The scn~itivities range fi’om I to 4 g of low-bum.
up plutonium (0,058 to 0,233 g nf 240Puerf), The pawivc
may sensitivities are much better than :hc active scnmivi-
tics, so it is recommended that the passive assay optinn of
the PAN shuffler be used on plumnium.

Scnsttivttien are greatly improved by reducing the
energy of the interrogating neutrorr$ when it is known that
~h~l~y~gen dcn~lty Is I)CIOW(),()I g/crn~ (Comspondlrrg t{)

14,6 kg of polyethylene or 18.7 kg of water), ‘I%h was
demonstrated in this study by mrotsndlng drums with
about 2 cm of polyethylene, However, none of the rwtdts
given in this paper are from data taken with this tcchmque.



TABLE u.Assay Sensiuvitles
Sensitivity

Acnve Passive
Matrix (g 235L7 (mg 24Wueff)

WRa4
1. Empty
2. Iron Chunks

3. Vermiculite
4, Vermiculite in Liner
5. Paper
6. Simulated Junk
7. Polyethy!cne Shavings
8. Concrete Blocks
9. Iron and Palyethylcne Chunks

10. Vermiculite and 29.5 kg of Polyethylene Beads
11. Polyethylene Tubes
12, Verrniculitc and S9 kg of Polyethylene Beads
13, Vermiculite and 68 kg ot’Polyethylene Beads
I 4. Peat Moss
15. Polyethylene Chunks
16. Polyethylene Besds

AkS9112U3
17, Raachig Rings
18. Verrniculiu and 0.3 kg of Borax
19. Vermiculite and 0.6 kg of Borax
20. Vermiculite and 0.9 kg of Boru
21, Vermiculite ml 1.2 kg of Borax
22. Vermiculite and 1,8 kg of Borax

23. Alumina with 28% Water (b weight)
i25, V~Culite, 68 kg Of Polye yleoe -$,0,21 kg of

Borax
25. Vermiculite, 68 kg of Polyethylene Beds, 0,42 kg of

Bosu
26. Vermiculite, 37 kg of Polyethylene Bds, 0.22 kg of

Borax

0.384
0!402

0.292
0.141
0.111
0.120
0.076
0.147
0.075
0.033
0.029
0.038
0.047
0.027
0.074
0.077

9.753
0.315
0.337
0.335
0,345
0.345

0.063
0.061

0.072

0.053

27. Matrix 26, top; Vermiculhe, bottom 0,086
28. Vermiculite, top; h’fitrix 26, bottom Q.(373 i.86

1.35
1.22

1.34
1.39
1.42
1.46
1.44

. . .. . . .
2.33
2.21

. . .. . ..

. . . . . ..
3.87
2.12
4.27

12.06

. . . .. .
1.35
1.34
1.31
1.39
1.38

4.74
. . .. . . .

5.22

2.49

1.74

efuawNuimk. Setuitivtttea with Pe@ve assaya
of plutonium are gtven in Tsble 11for a real coincidence
background rate of 0.17 count~s and an assay ume of
10m L

T%isbackground rate is again for an elevedort of 170 m
above sea level uut iocludee ● cosmic-ray rejection scheme
that detects and eliminates coincidence counu with high
multiplicity that muJd only be cmatal hy comic rays in dse
~hutller’s body, M ihe lms Ala,tme elevation of 2225 m,
this technique rethlces the rl!al—coM&nc e background rata
by a fK!tcRof ~.S and li@dfiCWtly itqXWea h sensitivity.

Tha eddencal coincidence counts cmte another tom.
portentof rha bnck~n& but fm weam qttattthiea of plum
nium they are neady negligible.

Matrkes numbered 2 thmu~h 10 represent a mnce of

roam Ah thu bestrepresent facility waste, The umdtsvideo
for thchomaterials mn#e from 1.2 to 2,3 mg of %R wr
20 to 39 mg of plutonium for the Iow-butnup Iaotopics
wed In this study),

Sensitivities women to 4 or 3 q of 240Pueff aa the
hydrogen density gtmsbeyond 0,042 ~cm3. Me8tx 16 with
120 kg of polyedtylene basis creates an efktive shield fu
plutonium new the drum’s center, so the settdtivity la
12rrtgof%ti

Absorbers have no effect on rmaive sensitivity, even in
combirution with moderators, for the same re&ons dis.
cussededier forpmiciofseffccu.

The PAN shuffler performs precise asaays of uranium
(active mode) and plutonium (passive mode) on 208.1.
waste drums. The nwat important cauae of inaccuracies in
assays is i6noraoca of the dhrlbudon of Wile material
whhin a drum. Calhradors is likely to be done with t uni.
form dkibudon, while highly localised dhtr!butions are
podbie in pracdce. A uhrdque for determining the distri-
bution from the a$tay cIAte utd corrucdng for the assay
result accordingly Is suggested hem and will be explored
funher,

The hydrogen density (n a drum should be limited to
0.042 @m~ for both active and pWiVl! MSSy& which COG
reqmnds to very large mounts of water (75.6 kg) or
polyethylene (58A kg) (n a 208-1, drum of waate, Flux
monitor cowectiosu have been devhed to correct the mea.
SUredcount rates for the maica.

In drume MdIng trtcwethan this density of hydrogen,
the varhtton of assay tesults with poaidott can lead to vcv
Iarse inaccuracies and the flux monhcw responsm do not



ref!ect the proper amount of hydrogen on which a correc-
tion would be based. Detectors on the opposite side of the
assay chamber from [hc 252Cf source cart monitor the
transmission of interrogation neutrons through the drums
and give a warning when the hydrogen density is excessive.

Sensitivity (minimum dctcctablc mass) from an active
or passive assay depends on the nature of the marnx, the
background rate, and count times. A software technique has
been used to reduce the cosmic-ray back&round rate and
new shielding materials arc bcin studlcd to reduce the

.{background component from the ‘5 Cf source.
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